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4. 在蓝宝石衬底上外延生长了一系列 InGaN/GaN 多量子阱蓝紫光 LED 结构材 
料。通过不同 In 组分的量子阱的变温 PL 谱研究了 InGaN/GaN MQW LED 的发光机





























































GaN-based III-V compound semiconductors have been widely used in 
fabricating blue/green/ ultraviolet light-emitting diodes (LED), laser diode(LD), 
ultraviolet detector (UV-detector) and high-temperature power devices for its wide 
band gap, high melting point, high thermal conductivity, high electron saturated drift 
vleoeity, anti-radiation and good chemical stability, etc. Especially GaN-based LED 
with the properties of long life, low energy-consumed, small size, short response time, 
and colourful, etc. have been applied in the field of traffic lights, LCD backlight, 
decorative lighting and general lighting. The most important, after the successful 
commercialization of bright blue GaN-based LEDs, the bright white LEDs were 
regarded as the 3’th generation solid-state light source thereby attracted much 
attention all the world because of its great potential market and power saving. 
However, there are still several difficulties prevent GaN-based LEDs from replacing 
all other light source completely, such as growing GaN bulk single crystal and 
fabricating devices, in particular, p-type GaN doping, high working temperature, 
strong built-in field in QWs, low extraction quantum efficiency(EQE), etc. The reason 
of low EQE is mainly result from the total internal reflection between the surface of 
the semiconductor material and the surrounding medium because of the high 
refraction coefficient of GaN-based materials. In recent years, improving the light 
extraction efficiency of LEDs has been the most important purpose in this field.  
Based on the above-mentioned problems, the materials of GaN-based LEDs and 
devices have been performed by MOCVD growth technique and relative standard 
fabricating process. The light extraction efficiency (LEE) of LEDs has been studied 
by Monte Carlo photon-raytracing method. The main works and results are as 
follows:  
1. The influence factors of LEE of GaN-based LED by Monte Carlo photon-  
raytracing method are studied. It is shown that the light extraction efficiency can be 
improved significantly by increasing refractive index of encapsulation material and 















of the GaN-based materials can also influence the LEE in different degrees. Base on 
the exploring of LEE with surface textured, LEDs with top-surface textured was 
proposed. Top-surface textured was an effective method to improve the LEE. At the 
same time, in order to reduce the total internal reflection in rectangular structure LED, 
cylindrical structure was proposed and higher LEE was obtained.  
2. p-InGaN/AlGaN SLS have been introduced and designed as a cladding layer to 
obtain lower ohmic contact resistance to p-GaN. As polarization field lead to 
oscillation of the valence band edges, result in enhancement of Mg ionization and 
improvement of hole concentration. The near-surface 2D hole gas result from the 
piezoelectric and spontaneous polarization in p-InGaN/AlGaN SLs increase the hole 
density thereby reduce the contact resistance. The band structure of InGaN/AlGaN, 
InGaN/GaN and AlGaN/GaN SLS are compared at the same Mg doping level by 
adopting a self-consistent analysis. And the results indicated that p-InGaN/AlGaN 
SLs has the highest near-surface 2D hole gas. Experimentally, lower specific contact 
resistance of 7.3×10-5Ωcm2 is realized with p-InGaN/AlGaN SLS as a cladding layer. 
3. We take advantage of different growth velocity of lateral and vertical directions  
of LEO technique by MOCVD to obtain triangular/ trapezoidal nonplanar structure 
LEDs, for the first time, in order to reduce the total reflection in GaN base LED and 
thus improve the LEE. First, to improve the quality of the crystal, LEO technique is 
applied to the growth of GaN materials by MOCVD. The results of XRD, AFM and 
Raman spectroscopy indicated that LEO is an effective method to improve the crystal 
quality. Second, Base on the LEO technique, nonplanar LEDs with much more 
light-emitting area were obtained. And the performanceof the nonplanar LEDs needs 
to be studied further. Finally, LEDs were grown on patterned sapphire substrate (PSS) 
and higher EQE was achieved.  
4. A series of blue-violet LEDs with InGaN/GaN MQW structure were grown by  
MOCVD. The growth temperature of the active layer is very important for the indium 
concentration, crystal quality and optical properties of the sample. The emission 
mechanism of the InGaN/GaN MQW LED was comparative studied on 














sideband in PL spectrum and Indium composition, well thickness is discussed. The 
relative strength of the LO-phonon sideband depending on the indium fraction 
indicates the exciton-phonon coupling in InGaN well is mainly dependent on the 
strain-induced piezoelectric field and is, to same extent, influenced by the well wide, 
at the same time. The recombination mechanism in InGaN QWs is dominant by 
exciton localization effect and the QCSE concurrently.   
5. Indium composition modulated InGaN/GaN quantum well has been proposed to 
 modify the polarization and improve the recombine rate of electron and hole. The 
separation of electron and hole wave function due to the polarization filed with and 
without Indium composition modulated have been compared by numerical 
calculations. The temperature dependence of the normalized integrated PL intensity 
showed that the internal quantum efficiency (IQE) of the LEDs with triangular-shaped 
MQW is much higher than that of the LEDs with conventional rectangular MQW 
structures. Furthermore, EL spectra show that the peak energy is nearly independent 
of the injection current, indicating that the triangular MQWLEDs are more stable than 









Keywords: GaN-based LED; Monte Carlo photon-raytracing method; MOCVD; 

















第一章 绪论 ..............................................................................................1 
1.1 引言 .....................................................................................................................1 
1.2 III-V 族氮化物材料基本特性 ............................................................................3 
1.3 GaN 基 LED 的研究进展及应用前景...............................................................7 
1.3.1 半导体 LED 的研究历史.............................................................................7 
1.3.2 GaN 基 LED 的研究进展及应用前景 .......................................................10 
1.4 GaN 基 LED 的材料生长和器件制作存在的关键性问题 ............................13 
1.5 本论文的工作及组织结构 ...............................................................................15 
参考文献 ..................................................................................................................17 
第二章 GaN 基 LED 的蒙特卡罗光子追迹法设计与模拟.................25 
2.1 引言 ....................................................................................................................25 
2.2 蒙特卡罗光子追迹法 .......................................................................................26 
2.3 蒙特卡罗光子追迹法模拟模型的建立...........................................................27 
2.4 GaN 基 LED 光提取效率模拟.........................................................................30 
2.4.1 LEE 与芯片尺寸和材料吸收系数的关系 .................................................33 
2.4.2 透明导电薄膜和底面反射镜对光提取效率的影响 ................................36 
2.4.3 封装材料折射率对光提取效率的影响 ....................................................37 
2.4.4 圆柱体 GaN 基 LED 光提取效率的模拟 .................................................38 
2.5 表面无规则粗化 GaN 基 LED 光提取效率模拟............................................39 
2.5.1 表面无规则粗化光提取效率模拟模型建立 .............................................39 
2.5.2 表面无规则粗化光提取效率模拟结果讨论 .............................................43 
2.6 本章小结 ............................................................................................................43 
参考文献 ..................................................................................................................43 
第三章 GaN 基材料的 MOCVD 生长和欧姆接触研究 .....................47 
3.1 引言 ....................................................................................................................47 
3.2 MOCVD 系统简介 ...........................................................................................48 
3.2.1 MOCVD 技术原理......................................................................................49 
3.2.2 MOCVD 系统简介......................................................................................51 
3.3 GaN 材料的生长和掺杂研究 ...........................................................................56 
3.3.1 激光实时反射干涉图谱在 MOCVD 生长过程中的应用........................56 
3.3.2 缓冲层厚度和相应的退火条件对 GaN 薄膜质量的影响 .......................58 
3.3.3 n 型 GaN 材料的生长和掺杂 .....................................................................60 
3.3.4 p 型 GaN 材料的生长和掺杂 .....................................................................62 
3.4 GaN 欧姆接触电阻的研究 ...............................................................................66 
3.4.1 欧姆接触电阻率的测量方法及原理 ........................................................67 














3.4.3 n 型 GaN 欧姆接触的研究 .........................................................................71 
3.4.3.1 预处理条件优化 ...................................................................................72 
3.4.3.2 不同金属及合金条件的优化 ...............................................................73 
3.4.4 p 型 GaN 欧姆接触的研究 .........................................................................74 
3.4.4.1 p 型 InGaN/AlGaN 超晶格提高空穴浓度的理论分析 ......................75 
3.4.4.2 实验结果及讨论 ..................................................................................77 
3.5 本章小结 ............................................................................................................80 
参考文献 ..................................................................................................................81 
第四章 侧向外延 GaN 材料的 MOCVD 生长与特性研究 ................87 
4.1 引言 ...................................................................................................................87 
4.2 GaN 基材料的侧向外延过生长及结果...........................................................90 
4.2.1 LEO GaN 生长的工艺流程和原理............................................................90 
4.2.2 实验结果分析与讨论 .................................................................................91 
4.3 GaN 基 LED 的侧向外延生长.........................................................................97 
4.4 图形蓝宝石衬底(PSS)上 GaN 基 LED 的生长和特性研究 .......................101 
4.5 本章小结 .........................................................................................................104 
参考文献 ................................................................................................................104 
第五章 InGaN/GaN MQW LED 发光机制的研究 ...........................111 
5.1 引言 .................................................................................................................. 111 
5.2 阱温变化对 InGaN/GaN MQW LED 的影响 .............................................. 112 
5.2.1 实验过程 ..................................................................................................112 
5.2.2 结果分析与讨论 .......................................................................................113 
5.3 InGaN/GaN MQW LED 发光机制的研究 ................................................... 118 
5.4 本章小结 .........................................................................................................127 
参考文献 ................................................................................................................129 
第六章 In 组分调制量子阱结构对极化场的调控 .............................135 
6.1 引言 .................................................................................................................135 
6.2 In 组分调制量子阱结构对极化场的调控 .....................................................137 
6.2.1 In 组分调制的 InGaN/GaN 多量子阱的外延生长..................................138 
6.2.2 In 组分调制 InGaN/GaN 多量子阱对极化场的调控..............................140 
6.3 本章小结 .........................................................................................................146 
参考文献 ................................................................................................................147 
第七章 总结与展望 ..............................................................................151 

















Chapter 1 Introduction.............................................................................1 
1.1 Introduction ........................................................................................................1 
1.2 Basic Properties of III-V nitride semiconductors............................................3 
1.3 The progress of GaN-based LED and their applications ................................7 
1.3.1 The progress of semiconductor LED .............................................................7 
1.3.2 The progress of GaN-based LED.................................................................10 
1.4 The problem of growth and fabricate GaN-based LED ...............................13 
1.5 Methods to enhance LED’s light extraction effiency ....................................15 
References ...............................................................................................................17 
Chapter 2 Designs and simulations of GaN-based LED with Monte 
Carlor method and raytrace method ....................................................25 
2.1 Introduction ......................................................................................................25 
2.2 Basic theory of Monte Carlo method and raytrace method.........................26 
2.3 The model of Monte Carlo method and raytrace method ............................27 
2.4 Light extraction effiency of conventional structure LED by simulation.....30 
2.4.1 The LEE with different chip size and absorption coefficient ......................33 
2.4.2 The LEE with different transparent conductive thin film and bottom 
reflector reflectivity ..............................................................................................36 
2.4.3 The LEE with different refractive index of encapsulation materials ...........37 
2.4.4 Light extraction effiency of cylinder structure LED by simulation.............38 
2.5 Light extraction effiency of the top-texture structure LED by simulation .39 
2.5.1 Modelof top-texture structure ......................................................................39 
2.5.2 Results and discussion .................................................................................43 
2.6 Summary ...........................................................................................................43 
References ...............................................................................................................43 
Chapter 3 The Growth of GaN-based materials and the research of 
the ohmic-contact to p/n-GaN................................................................47 
3.1 Introduction ......................................................................................................47 
3.2 Introduction to MOCVD .................................................................................48 
3.2.1 Principle of the MOCVD technique ............................................................49 
3.2.2 Introduction to the MOCVD system............................................................51 
3.3 Growth and dopetion of GaN materials .........................................................56 
3.3.1 in-stiu reflectance monitoring curves in MOCVD ......................................56 














3.3.3 n-GaN growth and deption ..........................................................................60 
3.3.4 p-GaN growth and deption ..........................................................................62 
3.4 Research of the low-contact resistance to GaN..............................................66 
3.4.1 The theory and measurement methods of the resistivityρc ..........................67 
3.4.2 Introduction of the ohmic-contact to GaN...................................................70 
3.4.3 Research of the low-contact resistance to n-GaN........................................71 
3.4.3.1 Optimization of the pretreatment condition ..........................................72 
3.4.3.2 Optimization of the anneal condiation with different electrode metal ..73 
3.4.4 Research of the low-contact resistance to p-GaN........................................74 
3.4.4.1 The theory of p-InGaN/AlGaN SLs lower the contact resistance .........75 
3.4.4.2 Results and discussion...........................................................................77 
3.5 Summary ...........................................................................................................80 
References ...............................................................................................................81 
Chapter 4 Study of Epitaxial Lateral Overgrowth (LEO) GaN and   
LEDs by MOCVD...................................................................................87 
4.1 Introduction ......................................................................................................87 
4.2 The LEO technique of GaN based materials .................................................90 
4.2.1 Fabrication of LEO-GaN..............................................................................90 
4.2.2 Results and discussion .................................................................................91 
4.3 Study of Epitaxial Lateral Overgrowth InGaN/GaN MQW LED...............97 
4.4 Fabrication of patterned sapphire substrate(PSS) LED using LEO 
technique ...............................................................................................................101 
4.5 Summary .........................................................................................................104 
References .............................................................................................................104 
Chapter 5 The luminescence mechanism of InGaN/GaN multiple 
quantum well LED................................................................................111 
5.1 Introduction .................................................................................................... 111 
5.2 The affect of growth temperature in well layer to the optical property of 
InGaN/GaN MQW LED ...................................................................................... 112 
5.2.1 Growth of InGaN/GaN MQW ...................................................................112 
5.2.2 Results and dicussion.................................................................................113 
5.3 The luminescence mechanism of InGaN/GaN MQW LED ........................ 118 
5.4 Summary .........................................................................................................127 
References .............................................................................................................129 
Chapter 6 Modification of polarization field in InGaN quantum well 















6.1 Introduction ....................................................................................................135 
6.2 Modification of polarization field with In composition modulated MQW137 
6.2.1 Growth of Indium composition modulated InGaN/GaN MQW................138 
6.2.2 Results and discussion ...............................................................................140 
6.3 Summary .........................................................................................................146 
References .............................................................................................................147 
Chapter 7 Conclusions and prospects.................................................151 


























Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
